Introduction
Coronary artery disease (CAD) is a leading cause of mortality (1) . Similar to other common complex diseases, the pathogenesis of CAD and associated myocardial infarction (MI) is multifactorial, and is influenced by complex interactions between environmental and genetic factors (1) . Several risk factors, including hypertension, dyslipidemia, obesity and smoking, have been established for CAD (2) . Genome-wide association studies have uncovered several susceptibility loci and candidate genes that are associated with CAD, either by directly participating in the pathogenesis of CAD or by indirectly regulating the contributing risk factors (3) (4) (5) (6) (7) (8) (9) (10) . As a multifactorial complex disease, common sequence variants or mutations in numerous genes are commonly associated with CAD (4) . In these cases, the genetic contribution of each gene is relatively small; however, it has previously been suggested that CAD/MI may manifest via autosomal dominant inheritance in some families (4) .
A mutation in the human myocyte enhancer factor 2A (MEF2A) gene, which is a member of the myocyte enhancer family of transcription factors, has previously been detected in an autosomal dominant form of CAD (1) . Genetic linkage analysis of a large Caucasian family exhibiting an autosomal dominant inheritance pattern of premature CAD indicated a positive linkage to a single locus on chromosome 15q26, which includes ~90 annotated genes. Resequencing of the MEF2A gene, which is a prime candidate gene in the linked locus, revealed a 21-base pair (bp) coding sequence deletion at exon 11 in all affected family members (1) . Although this initial study suggested the involvement of MEF2A variants in the risk of CAD/MI, they have not been supported by more recent reports. Weng et al identified these variants in elderly Caucasian control subjects without CAD (11) , whereas other studies found no evidence of any linkage or association between MEF2A and CAD in 1,700 patients with sporadic MI and multiple families with apparent Mendelian inheritance of the disease (12, 13 
Materials and methods

Participants and clinical evaluation.
A four-generation, 34-member Chinese Han family with familial CAD was recruited from the Qilu Hospital, Shandong University (Jinan, China) through reviewing the records of patients displaying the clinical features of CAD/MI. CAD/MI in this family followed an autosomal dominant pattern of inheritance (Fig. 1A) . Upon basic clinical examination, members of the family with preceding or existing indications of CAD/MI (based on the existence of at least two of the following criteria: Prolonged chest pain, electrocardiography patterns consistent with acute MI, or significant elevation of cardiac enzymes) underwent coronary computed tomography analysis. Coronary angiograms were subsequently carried out on all subjects to confirm a diagnosis of CAD (Fig. 1B) . According to angiographic appearance, a vessel was regarded as diseased if it contained at least one stenosis involving >50% loss of lumen diameter. Seven living patients in this family were identified as having CAD (II-2, III-1, III-5, III-7, III-9, III-13 and IV-1) (Fig. 1A) . In addition, all family members were subjected to a physical examination, blood testing, and a standardized interview that included questions related to medical history, physical activity, medication and personal habits (Table I ). In addition, blood pressure was taken according to the MONICA guidelines (3), using the random-zero method and using standard mercury sphygmomanometers after the subjects had been resting in a seated position ( (14) . The healthy control group consisted of 323 Chinese individuals (mean age: 46 years), including both obese and normal weight subjects, without a history of premature CAD, who were recruited separately from the Jinan region. All subjects provided written informed consent for the present study, which was approved by the ethics committee of Qilu Hospital, Shandong University.
Exome capture. Genomic DNA was extracted from peripheral blood using the standard phenol-chloroform extraction method (15 Mutation validation. Locus-specific PCR and detection primers were designed (Boshang Biotechnology Company, Jinan, China). Sanger sequencing was performed to determine the presence and identity of potential disease-causing variants using the ABI3500 sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR amplification and Sanger sequencing were conducted as described previously (18) . The primer sequences used to identify MEF2A disease-linked variants were as follows: forward, 5'-GCATCAAGTCCGAACCGATT-3', and reverse, 5'-GGAGCGACCCATTTCCTGTC-3'.
Results
Clinical characteristics of the family. The present study identified an extended Chinese family containing 34 members (five members deceased) with a history of CAD/MI (Fig. 1A) .
The family consisted of 20 females and 14 males distributed in four generations; nine members were diagnosed with CAD/MI (two of which were deceased). The proband (III-9) with CAD was identified at the Department of Cardiology, Qilu Hospital, Shandong University at 36 years of age, with right coronary artery stenosis with >80% severity (Table II) . Subsequently, the patient's two elder sisters, one elder brother, and male cousin developed symptoms of CAD. Subjects III-1 [left anterior descending coronary artery (LAD) angiogram >75% stenosis] and III-13 (RCA angiogram >80% stenosis) were diagnosed at the ages of 49 and 46, respectively; subjects III-5 (LAD angiogram >90% stenosis) and III-7 (LAD angiogram >90% stenosis) were diagnosed at the ages of 43 and 45, respectively. Subject III-1 was diagnosed 10 years ago, at the age of 49 years old. Subjects III-1 and III-5 suffered MI and stroke at the ages of 49 and 51 years old, respectively. The severity of the disease in female patients was greater than that in males (Table II) . As shown in Table I , a few members of the family exhibited mildly elevated serum levels of total cholesterol and triglycerides, but all had normal serum levels of low-density and high-density lipoproteins, and none of the family members were cigarette smokers or had hypertension, diabetes or obesity. These clinical manifestations strongly suggested heritable CAD in this family. Pedigree analysis of the family suggested autosomal dominant inheritance of CAD (Fig. 1A) .
Identification of a 6-bp deletion in the MEF2A gene. Using the filtering criteria as described previously (19) , MEF2A was identified as a CAD-causing candidate gene after exome sequencing of genomic DNA. Following validation by Sanger sequencing, a 6-bp deletion (CAGCCG) was identified in exon 11 in all seven family members with CAD and in five non-CAD members (IV-3, IV-7, IV-8, IV-10 and IV-12). The 6-bp deletion was located at position 1671 to 1677 in the cDNA sequence of the MEF2A gene ( Fig. 2A) . The CAGCCG deletion also contained the first CAG repeat of the (CAG)n repeats polymorphism in exon 11, which resulted in variable expression and was associated with CAD (5). The 6-bp deletion was identified in family members with a normal phenotype (IV-3, IV-7, IV-8, IV-10 and IV-12) and segregated with CAD in the family, thus suggesting that this variant is the pathogenic mutation (Fig. 2B) . The five family members (IV-3, IV-7, IV-8, IV-10 and IV-12) with the MEF2A deletion but without CAD likely have not yet developed the phenotype due to their younger ages (all <40 years old). In order to determine whether the mutation is present in sporadic CAD cases, the exon 11 coding sequence of MEF2A was sequenced in 311 unrelated subjects with an established diagnosis of CAD and in 323 healthy subjects. The 6-bp deletion was not detected in these subjects. The entire coding region of MEF2A and the intron-exon boundaries were also screened for mutations in all members of the family. No mutations were identified in any other exons (data not shown).
Discussion
The present study identified a novel mutation in MEF2A in a Chinese family with inherited CAD. To the best of our knowledge, the present study is the first to report a causative association between a MEF2A mutation and CAD in the Chinese population, and a novel mutation of MEF2A due to a 6-bp deletion in exon 11. 
A B
Wang et al reported a possible role for MEF2A variants in the pathogenesis of CAD, describing a 21-bp deletion as the disease-causing genetic mutation for Caucasian familial CAD/MI without common risk factors (1) . A subsequent functional study revealed that the 21-bp MEF2A gene mutation resulted in the deletion of seven amino acids in exon 11 of MEF2A, thus disrupting the transcriptional activity and blocking nuclear localization of the MEF2A protein (1). In a previous study, three genetic variants of the MEF2A gene (N263S, P279L and G283D) were detected in four out of 207 unrelated Caucasian patients (1.9%) with CAD (7). Furthermore, a (CAG)n repeat in exon 11 has been reported to be associated with CAD in a small Chinese case-control study (5) . These data suggested that MEF2A may have a significant role in the pathogenesis of CAD in non-familial (sporadic) cases. However, this hypothesis was not supported by subsequent studies. Weng et al did not detect an MI causative MEF2A mutation in 300 cases of sporadic CAD in Caucasian patients (11) . Furthermore, Lieb et al failed to detect the 21-bp deletion in the MEF2A gene in 1,481 individuals with a positive family history of CAD (3) .
The present study identified a MEF2A gene mutation in a family with CAD. To the best of our knowledge, this is only the second report to identify a MEF2A mutation in a family The data for TC, TG, LDL-C and HDL-C are provided as mg/dl; the data for FBG are provided as mmol/l. M, male; F, female; UK, status of premature CAD was unknown; CAD, coronary artery disease; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; HTN, hypertension; BMI, body mass index; FBG, fasting blood sugar.
with CAD (4). These results strongly supported a causative role of MEF2A gene mutations in the pathogenesis of CAD. High MEF2A expression in the endothelium of coronary arteries suggests that an early step, or triggering event, in the development of CAD may involve the dysregulation of specific MEF2A transcriptional pathways in the endothelium, which is expected to result in endothelial dysfunction (5, 10) . Endothelial dysfunction is associated with atherosclerotic plaque formation and rupture, and subsequent thrombosis, which are common causes of MI and sudden cardiac death (6, 7) . The present study demonstrated that the effects of MEF2A and its mutation on the pathogenesis of CAD are not confined to a single ethnic group, since it was originally reported in a Caucasian family (1) . It has been well established that CAD is a multifactorial disease that is associated with an array of genes and their variants (8) . Previous studies have clearly demonstrated that CAD is a multifactorial disease that is affected by multiple genes. It is therefore uncommon to observe a multifactorial common disease manifesting in a dominant Mendelian inheritance unless the mutation has a predominant effect on the pathogenesis of CAD/MI (9) . In these situations, the functional effects of the mutation on the target gene are significant and dominant, and therefore may override other risk factors and induce pathological outcomes 
in subjects with the mutation. The lack of MEF2A mutations in sporadic CAD cases may be attributed to two factors. Firstly, the mutation may be too rare to be detectable in 311 subjects with CAD; therefore, a much larger number of subjects may be needed in order to detect the mutation. Secondly, the mutation may be confined to autosomal dominant CAD cases and may not contribute in a significant way to common, sporadic CAD cases. The mutational effect observed in the present study was so large that, when it occurred, it affected family members in a Mendelian fashion. This hypothesis is not contradictory to the established relationship between common sporadic CAD cases and multiple genes with small effects. Additional functional studies of the MEF2A gene and mutation in both in vitro and in vivo models are required to further elucidate the functional implications. Considered alongside a growing body of evidence, the findings of the present study strongly indicated that the MEF2A gene, and its possible causal relationship with the pathogenesis of CAD, is too important to ignore.
In conclusion, the discovery of a novel mutation in the MEF2A gene in a Chinese family with autosomal dominant CAD suggests that MEF2A may have a significant role in the pathogenesis of CAD.
